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1
SYSTEM AND METHOD FOR VOLTAGE
CONTROL OF WIND GENERATORS

FIELD OF THE INVENTION

The present invention relates generally to the field of wind
turbines, and more particularly to voltage control systems and
techniques for use with wind turbine generators having con-
tinuous control of reactive power for at least part of the
reactive power compensation function.

BACKGROUND OF THE INVENTION

Wind power generation is typically provided by a wind
“farm” of a large number (often 100 or more) wind turbine
generators. Individual wind turbine generators can provide
important benefits to power system operation related to miti-
gation of voltage flicker caused by wind gusts and mitigation
of voltage deviations caused by external events.

In a wind farm setting, each wind turbine generator can
experience a unique wind force. Therefore, each wind turbine
generator typically includes a local controller to control the
response to wind gusts and other external events. Prior art
wind farm control has generally been based on one of two
architectures: local control with constant power factor or
reactive power and farm-level control in voltage control, or
local control in constant voltage control with no farm-level
control.

Local control with constant power factor and farm-level
control in voltage control requires fast communications with
aggressive action from the farm-level to the local level. If the
farm-level control is inactive the local control can aggravate
voltage flicker. With constant voltage control on each genera-
tor, steady-state operation varies significantly with small
deviations in loading on the transmission grid. This causes the
wind turbine generators to encounter limits in steady-state
operation that prevent a response to disturbances-resulting in
aloss of voltage regulation. Because reactive current is higher
than necessary during this mode of operation, overall effi-
ciency of the wind turbine generator decreases.

U.S. Pat. No. 7,224,081 describes a voltage control method
and system for wind turbines wherein a reactive power regu-
lator controls reactive power production of individual wind
turbines in a wind farm by adjusting the voltage setpoint to a
voltage regulator. This scheme relies on receipt of a reactive
power command to each wind turbine generator. At the indi-
vidual wind turbine level, a fast voltage regulator holds the
wind turbine low-voltage side to a setpoint, which is adjusted
by the reactive power regulator to follow the command from
the wind farm control. The reactive power regulator has a first
time constant that is numerically greater than a time constant
of the voltage regulator. This control scheme is beneficial in
that it forces all wind turbines within the wind farm to have
the same reactive power output. Also, if the wind farm-level
control is off, then the wind turbines all stay at a preset
reactive power output even if the grid voltage varies. A down-
side to this scheme, however, is that the wind farm controller
must act through the time constant of the reactive power
regulator.

BRIEF DESCRIPTION OF THE INVENTION

Aspects and advantages of the invention will be set forth in
part in the following description, or may be obvious from the
description, or may be learned through practice of the inven-
tion.
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A particular method embodiment for reactive power gen-
eration for a wind turbine generator includes receiving a
voltage command signal from a higher-than-generator-level,
such as a wind farm or substation, controller. In this descrip-
tion, the term “field-level” is generically meant to include all
such higher-than-generator-level configurations, such as a
substation of multiple wind turbines, a wind farm of multiple
substations or multiple wind turbines, and so forth. The volt-
age command signal is adjusted for each wind turbine as a
function of the wind turbine’s actual reactive power. A reac-
tive current command is generated for the wind turbine gen-
erator in response to the adjusted voltage command signal.
The reactive current command is transmitted to a converter
controller of the wind turbine generator for generating a reac-
tive power based on the reactive current command.

In a particular embodiment, a voltage trim value is gener-
ated as a function of the wind turbine’s reactive power, for
example with a reactive power regulator, and is applied to the
voltage command to generate the adjusted voltage command
signal. In certain embodiments, the adjusted voltage com-
mand signal is limited to a range of upper and lower limits
based on generator terminal voltage, and the reactive current
command is limited to a range based on a current rating of the
wind turbine generator.

The adjusted voltage command signal may be compared to
a measured terminal voltage of the wind turbine generator to
generate an error voltage signal that is transmitted as an input
or setpoint value to a voltage regulator.

In a particular embodiment, the voltage command signal is
a field-level signal applicable to all or a subset of wind tur-
bines within a wind farm or substation.

In certain embodiments, a reactive power feedback signal
from the wind turbine generator and a reference reactive
power signal are transmitted to the reactive power regulator
for generation ofthe voltage trim value. The delta voltage trim
value may be limited by the reactive power regulator.

The reference reactive power signal may be generated in
various ways. For example, a field-level reactive power signal
may be generated that is indicative of average reactive power
of all or a subset of wind turbines within a wind farm or
substation. This signal may be generated by a field-level
controller that receives measured reactive current from all or
a subset of wind turbine generators within the wind farm or
substation and computes an average reactive power signal
therefrom. In an alternate embodiment, the field-level reac-
tive power signal is generated by a field-level controller that
measures total reactive current at the field level and deter-
mines an estimated average reactive power signal for indi-
vidual wind turbines therefrom.

An alternate method for reactive power generation for a
wind turbine generator includes receiving a voltage command
for a wind turbine generator from a field-level controller, and
receiving a reference reactive power signal and a feedback
reactive power signal for the individual wind turbine. A volt-
age trim value is generated from the reference reactive power
signal and the feedback reactive power signal and is limited to
apredetermined voltage range. The delta voltage trim value is
applied to the voltage command to generate an adjusted volt-
age command signal, which is limited to a predetermined
voltage range. A voltage error signal is generated based on a
measured voltage of the individual wind turbine generator
and the adjusted voltage command. A current command is
generated based on the voltage error signal, and is limited to
a predetermined current range.

In a particular embodiment, the voltage trim value is gen-
erated by a reactive power regulator in the wind turbine gen-
erator, and the current command is generated by a voltage
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regulator in the wind turbine generator, wherein the reactive
power regulator has a controller with a time constant that is
greater than a time constant of the voltage regulator control-
ler. For example, the reactive power regulator may have a
proportional integral (PI) controller having a closed loop
response equivalent to a time constant in the range of 1 to 10
seconds, and the voltage regulator may have a proportional
integral (PI) controller having a closed loop response equiva-
lent to a time constant of less than 1 second.

The field-level controller may be variously configured. In
certain embodiments, the field-level controller includes a
voltage regulator with inputs of (a) plant level voltage and (b)
reactive power output from individual turbines, and outputs
of (a) voltage command and (b) reactive power command.

These and other features, aspects and advantages of the
present invention will become better understood with refer-
ence to the following description and appended claims. The
accompanying drawings, which are incorporated in and con-
stitute a part of this specification, illustrate embodiments of
the invention and, together with the description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A full and enabling disclosure of the present invention,
including the best mode thereof, directed to one of ordinary
skill in the art is set forth in the specification, which makes
reference to the appended figures, in which:

FIG. 1 is a block diagram of a wind farm having multiple
wind turbine generators coupled with a transmission grid;

FIG. 2 is a control diagram of one embodiment of a wind
turbine generator control system; and

FIG. 3 is a control diagram of an alternate embodiment of
a wind turbine generator control system in manual or local
control.

DETAILED DESCRIPTION OF THE INVENTION

Reference now will be made in detail to embodiments of
the invention, one or more examples of which are illustrated
in the drawings. Each example is provided by way of expla-
nation of the invention, not limitation of'the invention. In fact,
it will be apparent to those skilled in the art that various
modifications and variations can be made in the present
invention without departing from the scope or spirit of the
invention. For instance, features illustrated or described as
part of one embodiment can be used with another embodi-
ment to yield a still further embodiment. Thus, it is intended
that the present invention include such modifications and
variations as come within the scope of the appended claims
and their equivalents.

A wind turbine generator control system in accordance
with aspects of the invention is based on sending a reference
voltage command to all of the wind turbines within a wind
farm or substation rather than a reactive power command, as
is done in the prior art. For grids requiring stabilization, this
control scheme is advantageous since the voltage reference
modification affects wind turbine operation faster. The refer-
ence voltage control scheme is implemented with relatively
fast regulation of voltage for individual generators at the
generator terminals or at a synthesized remote point (e.g.,
between the generator terminals and the collector bus). A
relatively slow reactive power regulator adjusts the set point
of the relatively fast voltage regulator as a function of the
reference reactive power command received from the wind
field controller and the reactive power feedback. The voltage
trim signal is thus used to adjust the voltage setpoint of a
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relatively fast voltage regulator that generates the reactive
current command for the turbine generator.

It should be appreciated that the reference voltage com-
mand signal may be generated by any field-level (i.e., higher-
than-generator-level) controller, such as a substation control-
ler or a wind farm-level controller. For description purposes,
embodiments are described herein with respect to a wind farm
wherein a plurality of wind turbines are in communication
with a wind farm-level controller.

FIG. 1 is a block diagram of a wind farm 100 having
multiple wind turbine generators coupled with a transmission
grid. FIG. 1 illustrates only three wind generators; however,
any number of wind generators can be included in a wind
farm.

Each wind turbine generator 110 includes a local controller
that is responsive to the conditions of the wind turbine gen-
erator being controlled. In one embodiment, the controller for
each wind turbine generator senses only the terminal voltage
and current (via potential and current transformers). The
sensed voltage and current are used by the local controller to
provide an appropriate response to cause the wind turbine
generator to provide the desired reactive power and voltage. A
control system diagram corresponding to one embodiment of
a wind turbine generator controller is described in greater
detail below with respect to FIG. 2.

Each wind turbine generator 110 is coupled to collector bus
120 through generator connection transformers 115 to pro-
vide real and reactive power (labeled P, and Q,,,, respec-
tively) to collector bus 120. Generator connection transform-
ers and collector buses are known in the art.

Wind farm 100 provides real and reactive power output
(labeled P, rand Q,,, respectively) via wind farm main trans-
former 130. Farm-level controller 150 senses the wind farm
output, as well as the voltage at the point of common coupling
(PCC) 140, to provide a farm-level wind generator terminal
voltage command (Farm-Level V,,,. ;) 155. In one embodi-
ment, the farm-level controller 150 provides asingle V.. .4
signal 155 to all wind turbine generators in the wind farm 100.
In alternate embodiments, the farm-level controller 150 may
provide multiple commands for subsets of wind turbine gen-
erators of the wind farm 100. The commands to subsets of
wind turbine generators can be based on, for example, a
farm-level voltage regulator.

Still referring to FIG. 1, the local controller of each wind
turbine generator 110 may also be provided with a Q com-
mand signal 105 (Q,.,,,) from the farm-level controller that
indicates desired reactive power at the generator terminals to
ensure a reasonable distribution of reactive power among the
wind turbines. In alternate embodiments, this Q command
signal (Q,,.,) 105 may be generated as the local or operator
level (indicated by the “Local” line in FIG. 1), for example in
the event that the wind turbine generator is in manual mode or
otherwise not in communication with the wind farm control-
ler 150, as explained in greater detail below.

The control system of FIG. 2 provides an improved control
structure involving both turbine and farm-level control that
can perform a robust farm-level voltage control performance
with uniform reactive power output of the wind turbines.

Referring to the wind turbine control system diagram of the
embodiment of FIG. 2, the control system generally includes
two loops: a voltage regulator loop and a reactive (Q) balance
regulator loop. The voltage regulator loop operates relatively
fast (e.g., 20 rad/sec) as compared to the QQ balance regulator
loop (e.g., generally slower than 1 second closed loop time
constant). The Q balance regulator adjusts the set point of the
voltage regulator, as described below.
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Conceptually, the control system of FIG. 2 provides for
wind turbine generator terminal voltage control by regulating
the voltage according to a reference set by a higher-than-
generator-level (e.g., substation or wind farm) controller. In
the present case, this higher reference is the farm-level
V vig cmaSignal 155. Reactive power is regulated over a longer
term (e.g., several seconds) to evenly distribute reactive
power among wind turbines while wind turbine generator
terminal voltage is regulated over a shorter term (e.g., less
than several seconds) to mitigate the effects of fast grid tran-
sients.

Referring still to the wind turbine controller embodiment
of FIG. 2, the Q balance regulator 220 receives the average
turbine reactive power output signal 200 (Q ) indicative of
the average reactive power output from all of the wind tur-
bines 110. This signal Q . 200 can be generated in various
ways. In one embodiment, measured reactive current from
each wind turbine 110 is sent to the wind farm controller 150,
which computes an average and transmits the signal Q ,,,, 200
to each wind turbine 110. In another embodiment, total reac-
tive power may be sensed at the wind farm-level, which is
used by the wind farm controller 150 to determine an approxi-
mate average based on the number of wind turbines 110, with
this approximate average being transmitted as signal Q ,,,, zoo
to the individual wind turbines 110.

The Q balance regulator 220 also receives a feedback Q
value (Qg,;) signal 202 indicative of the individual wind
turbine’s actual reactive power output, which may be adjusted
or modified by the Q command signal 105 (Q,,,) indicative
of desired reactive power output at the generator.

The Q balance regulator 220 functions to create a delta
voltage trim value or signal (dV,,;,,) 208 to add to the farm-
level voltage command signal (V. ..., 155 to yield an
adjusted command voltage signal (V4 ..., 210, which is
essentially the setpoint voltage for downstream voltage regu-
lator 270. The signal dV,,,,,, 208 is maintained with set limits
dv,,..204 and dV,,,,, 206. Thus, the farm-level voltage com-
mand signal V,,,, ., 155, which is the basis for the voltage
setpoint for downstream voltage regulator 270, is modified or
adjusted by the Q balance regulator 220.

The Q balance regulator 220 functions to minimize the
difference between the respective wind turbine’s reactive out-
put and the average reactive output Q 4., 200. In one embodi-
ment, the Q balance regulator 220 is a proportional integral
(PD) controller with a relatively slow response time, for
example on the order of from 1 to 10 seconds (e.g., 3 seconds,
5 seconds, 5.5 seconds). It should be understood that other
types of controllers and time constants may be used, for
example, proportional derivative (PD) controllers, propor-
tional integral derivative (PID) controllers, state space con-
trollers, etc. Other time constants can be used for Q balance
regulator 220 provided that the time constant for Q regulator
220 is numerically greater than the time constant for voltage
regulator 270.

The adjusted command voltage signal V , ;; .., 210 is trans-
mitted to a limiter circuit 240, which serves to maintain the
signal value within defined limits and generate a set point
voltage command signal V_,,,....s 250 that indicates to a
generator the reactive power to be provided by the generator

V commana 250 1s limited by limiter 240 to a predetermined
range between V,,, 242 and V,, 244. In one embodiment,
Voo 242 and V., 244 are defined in terms of percentage of

rated generator output. For example, V,, . 242 can be 105%
of rated generator voltage and V,,,,, 244 can be 95% of rated
generator voltage. Alternate limits can also be used.

In certain embodiments, V__,,..ne 250 is compared to a

signal 255 indicating measured terminal voltage for the gen-
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erator. The difference between V_,,,,...ns 250 and measured
terminal voltage 255 is a voltage error signal 260 (V,,..),
which is reduced by the voltage regulator 270 to cause the
measured voltage to follow the voltage command.

Based on voltage error signal 260 (Vg,,,,), the voltage
regulator 270 generates reactive current command 280
(I, cma)» Which is used to control generator current. In one
embodiment, Voltage regulator 270 is a PI controller that has
a closed-loop time constant of approximately 50 millisec-
onds. Other types of controllers can also be used, for example,
PD controllers, PID controllers, etc. Other time constants can
be used (e.g., 1 second, 20 milliseconds, 75 milliseconds, 45
milliseconds) for voltage regulator 270 provided that the time
constant for voltage regulator 270 is less than the time con-
stant for Q balance regulator 220.

In general, there are two components of a generator current
command They are the real power component denoted
as 1, ,,, and the reactive power component denoted as [, .,
The current command 280 generated as described with
respect to FIG. 2 is the reactive component (I, () of the
current command. The real component or I, ., ; can be gen-
erated in any manner known in the art. Reactive current com-
mand 280 is limitedto 1, .. 272and], ,,,, 274. The values for
I, nax 272 and 1, ,,,,, 274 can be based on generator current
ratings. For example, I, . 272 can be set to a percentage of
rated current for the generator and I, ,,,, 274 can be set
10 =1, .- Alternate limits can also be used.

The current command 280 is transmitted to a controller of
the wind turbine generator for generating real and reactive
power based on the current commands. In one embodiment,
all of the limits discussed with respect to FIG. 2 are non-
windup limits; however, in alternate embodiments, a subset of
the limits can be non-windup limits. The limits have been
discussed in terms of fixed parameters; however, dynamically
variable parameters provided by, for example, a lookup table
or a processor or state machine executing a control algorithm
can provide the limits. Such a dynamically variable limit may
be based upon a current rating of the generator and a contem-
poraneous real power output.

As mentioned above, the local or Operator Q command
signal (Q,,,) 105 indicating desired reactive power at the
generator terminals may be supplied to the local controller
110 in the event that the wind turbine generator is in manual
mode or otherwise not in communication with the wind farm
controller 150. In this mode, the control system will function
as depicted in FIG. 3. In this embodiment, the Q,,; signal
105 is combined with the Q,, signal 202 to produce a Q..
signal 235 that is supplied to a VAR (Q) regulator 240. The
regulator 240 generates the limitedV__ .., .., 250 that is com-
pared to a measured terminal voltage signal 255 to generate
the voltage error signal 260 (V,,,,) input to the voltage
regulator 270, as discussed in detail above.

Reference in the specification to “one embodiment™ or “an
embodiment” means that a particular feature, structure, or
characteristic described in connection with the embodiment
is included in at least one embodiment of the invention. The
appearances of the phrase “in one embodiment” in various
places in the specification are not necessarily all referring to
the same embodiment. In addition, while the present subject
matter has been described in detail with respect to specific
exemplary embodiments and methods thereof, it will be
appreciated that those skilled in the art, upon attaining an
understanding of the foregoing, may readily produce alter-
ations to, variations of, and equivalents to such embodiments.
Accordingly, the scope of the present disclosure is by way of
example rather than by way of limitation, and the subject
disclosure does not preclude inclusion of such modifications,
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variations and/or additions to the present subject matter as
would be readily apparent to one of ordinary skill in the art.

What is claimed is:
1. A method for reactive power generation for a wind
turbine generator, comprising:
averaging measured reactive current for all or a subset of
wind turbines within a wind farm or substation to gen-
erate a field-level average reactive power output signal;
receiving a voltage command signal, the field-level aver-
age reactive power output signal, and the wind turbine’s
actual reactive power;
generating a voltage trim value as a function of the field-
level average reactive power output signal and the wind
turbine’s actual reactive power;
adjusting the voltage command signal as a function of the
voltage trim value;
determining a reactive current command for the wind tur-
bine generator in response to the adjusted voltage com-
mand signal; and
transmitting the reactive current command to a controller
of the wind turbine generator and generating a reactive
power based on the reactive current command.
2. The method as in claim 1, wherein the adjusted voltage
command signal is limited to a range of upper and lower
limits based on generator terminal voltage, and the reactive
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current command is limited to a range based on a current
rating of the wind turbine generator.

3. The method as in claim 2, wherein the adjusted voltage
command signal is compared to a measured terminal voltage
of the wind turbine generator to generate an error voltage
signal transmitted to a voltage regulator.

4. The method as in claim 1, wherein the voltage command
signal is a farm-level command signal applicable to all or a
subset of wind turbines within a wind farm.

5. The method as in claim 1, wherein the field-level average
reactive power output signal output is generated by a field-
level controller that receives the measured reactive current
from all or a subset of wind turbines and computes the field-
level average reactive power output signal.

6. The method as in claim 1, wherein the field-level average
reactive power output signal output is generated by a field-
level controller that senses total reactive power at the field-
level and computes an estimated average reactive power out-
put for the wind turbines.

7. The method as in claim 1, wherein a reactive power
feedback signal from the wind turbine generator and the
reference reactive power signal are transmitted to a reactive
power regulator for generation of the voltage trim value.

8. The method as in claim 7, wherein the voltage trim value
is limited by the reactive power regulator.
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